a nonthermal inflammatory process resulting from subdermal stimulation and elastic contraction of skin, after removing the internal turgor created by excessive adipose tissue. Suction-assisted liposuction skin contraction is limited. While the amount of contraction depends on the inherent skin elasticity, the average amount of surface area reduction achieved with SAL is about 10%. 5 Patients are increasingly demanding better results and tighter skin from less invasive, nonexcisional procedures with minimal scarring. Certain ethnic groups are especially intolerant of any procedure that leaves a visible scar. The introduction of laser-assisted liposuction (LAL), followed by SAL, has added thermal stimulation to lipocontouring and has shown some ability to cause more skin tightening than SAL alone. 6, 7 DiBernardo 8 reported mean area soft tissue contraction of 17.2% with LAL followed by SAL compared with a 10.6% skin surface area reduction obtained with SAL alone. Some tightening results were reported after UAL, [9] [10] [11] [12] [13] but the studies were not randomized, the outcomes were not statistically significant, and the results have not been confirmed in peer-reviewed studies by other investigators.
Radiofrequency-assisted liposuction (RFAL) followed by SAL has been used to treat subcutaneous adipose regions with a combination of soft tissue and skin heating to induce tissue contraction. The BodyTite RFAL device (Invasix, Yokneam, Israel) was introduced in 2008; it consists of a cannula-type probe with a heated tip plus a hollow tube and is capable of performing synchronous heating and aspiration of fat. The internally located cannula tip emits radiofrequency (RF) energy directed toward an external electrode that reflects heat back to the epidermis ( Figure 1 ).
The skin tightening and soft tissue contraction induced by RFAL 14, 15 is due to its effect on the fibroseptal network (FSN). Yoshimura 16 showed that while adipocytes contribute volume to the fatty layer, more than 80% of cells in the region reside in the FSN. Thermal stimulation of the FSN by RF heating has been shown to cause skin surface contraction of up to 45%. 17 In a prospective study reported in 2011, 18 the longevity of RFAL-induced contraction measured with the Vectra computerized measurement system (Canfield Scientific, Inc, Fairfield, New Jersey) averaged 34.5% at 1 year posttreatment.
The purpose of our current institutional review board (IRB)-approved study was to evaluate skin surface area contraction following SAL alone compared with the results following RFAL plus SAL.
METHODS

Study Design and Device
A prospective, randomized study with a 1-year follow-up was designed to analyze and evaluate the degree of skin surface and soft tissue contraction achieved with RFAL plus SAL in comparison to SAL alone. A secondary objective was the comparison of the longevity of skin surface area reduction achieved with RFAL plus SAL vs SAL alone. The significance of the amount of lipoaspirate upon subsequent tissue tightening, the amount of energy used, and the effect of the location of the treatment region were also analyzed.
The study cohort comprised 12 patients (11 women and 1 man) who presented for abdominal lipocontouring. Twelve consecutive patients who appeared requesting reduction of abdominal fat thickness were chosen for this study. Inclusion criteria included mild to moderate subcutaneous fat in the abdominal region, with associated mild to moderate skin laxity. Exclusion criteria included pregnancy or breast feeding, obesity, severe skin laxity, significant chronic illness, smoking, and inability to complete all postoperative appointments. The treatment types were randomized to the right or left lower abdomen; RFAL plus SAL was performed on 1 side, while SAL alone was performed on the opposite side.
An objective, reproducible set of measurements was performed using 3-dimensional (3D) photographs taken with the Vectra system, and calculations were performed using Canfield software. No subjective measurements were used in this study. All measurements were verified and subjected to a standardized paired t test by an independent statistician (Table 1) . Pretreatment, two 3 × 3-cm 2 zones were tattooed on each side of each patient's abdomen. The distribution of squares was linear, with 1 square in the lateral aspect of each lower abdominal quadrant (both right and left) and 1 in the medial aspect of each lower abdominal quadrant (both right and left) (Figure 2 ). Preoperative Vectra 3D photographs were taken of the tattooed surface, and measurement of the skin surface area within the tattooed sites was performed using the Canfield system (Figures 3 and 4) . The BodyTite liposuction device used in this study consists of an RF-generating console that drives an applicator with a hollow, silicone-coated cannula (with RF emitted from the tip) and an external electrode that moves along the surface is inserted into the subcutaneous tissue, while the external thermistor receives and reflects the radiofrequency-generated heat. Reprinted with permission from Invasix. For the purpose of statistical analysis, square 1 was noted as the most lateral region treated with SAL plus RFAL. Square 2 was designated as the medial region treated with SAL plus RFAL. Square 3 was the most medial region treated with only SAL, and square 4 was the most lateral region treated with only SAL. 1pre indicates measurements of square number 1, taken preoperatively. 1@6 indicates Vectra calculated measurements taken of square 1 at 6 weeks. 1/yr indicates similar computer generated measurements taken at 1 year.
of the skin. The external electrode receives the ablative RF energy from the internal cannula-electrode, which delivers nonablative transepidermal RF dermal stimulation superficially. The Teflon-coated cannula performs synchronous coagulation and aspiration of the coagulated adipose tissue. The external electrode-in addition to providing nonablative, transepidermal heating of the dermis-also houses temperature thermistors and internal impedance monitoring sensors linked to an online feedback "cutoff" capability in the console. This allows the surgeon to achieve and maintain therapeutic end points and minimizes the risk of a thermal injury from overheating of adipose tissue and skin. Typically, after injection of tumescent fluid and a modest reduction in the density of subcutaneous fat with SAL, RFAL is applied to achieve the desired thermal and energy end points. During this RFAL phase, approximately 25% of the aspiration is performed. Following the RFAL phase, final contour is achieved with traditional microcannula SAL.
Treatment
All patients were treated under general anesthesia. Tumescent fluid was infiltrated at a 1:1 ratio in the lower abdomen throughout all 4 quadrants. In the lower quadrant randomized on each patient to receive RFAL treatment only, settings were 45 watts, with a maximum epidermal skin temperature of 38°C. Treatment end points in the RFAL-treated regions were warmth to touch, erythema, achievement of the 38°C skin surface temperature sustained for 1 to 2 minutes, and a visible contour flattening prior to aspiration. Radiofrequency heating was performed at multiple levels, from deep to superficial. The transition between levels was determined by decreasing soft tissue resistance and the energy deposited at each level, as well as the observed elevation in skin temperature at each level. Following RFAL heating to the end points at each level and synchronous aspiration, final soft tissue contouring was performed using standard, blunttipped microcannula SAL. The opposite lower quadrant of each patient's abdomen received standard SAL treatment.
Patients were followed up at 1 week, 6 weeks, and 1 year posttreatment. They were instructed to wear compression garments for 6 weeks posttreatment. At 6 weeks and 1 year posttreatment, photographs were taken, including 3D Vectra photography. The Vectra 3D system was used to measure the surface area of each treatment square at each follow-up interval. To better identify numeric trends for each treated region, the most lateral tattooed square treated with RFAL plus SAL was labeled square 1. The medial square treated with RFAL plus SAL was labeled square 2. The medial square treated with SAL alone was labeled square 3, and the most lateral square treated with SAL alone was labeled square 4.
The percentage of skin surface change was calculated for each numbered square at 6 weeks and at 1 year and analyzed for statistical significance using a paired Student t test. Although our study population was relatively small, if the differences were large, both the number of treated squares and the data would be significant. The data from each of the 48 regions were analyzed.
RESULTS
The average age of the 12 patients in this study was 40.2 years (range, 20-61 years). In this study, all 12 patients Because the surface of body parts is curved, the 3-dimensional image is broken down into multiple small triangles, the sum of which are added together to derive the total surface area. Reprinted with permission from Canfield Scientific, Inc (Fairfield, New Jersey). demonstrated contour improvement with both modalities. The amount of RFAL-aspirated fat ranged from 410 to 2200 mL. Average skin surface area reduction in the RFAL/SALtreated regions was 25.8% at 6 weeks (range, 9.6%-56.6%) ( Figure 5 ) and increased to 36.4% at 1 year (range, 19.3%-58.2%; Table 2 and Figure 6 ).
The regions that received SAL treatment only had a wide range of much smaller, but measurable, surface area changes. Skin surface change ranged from an increase of 0.5% to contractions of 35.5% at 6 weeks. The average surface area contraction was 10.4% in the SAL-treated regions at 6 weeks ( Figure 6 ). At 1 year posttreatment, the average change was an 8.26% reduction (range, 3.1% increase to 22.1% contraction), indicating that the initial degree of skin tightening appeared to diminish over time in the SAL control sites (Figure 6 ). Table 3 shows a full statistical comparison of various treatment end points for both treatment protocols.
Our SAL contraction results were similar to the percent contraction reported by DiBernardo. 8 At 6 weeks, the average skin contraction on the RFAL/SAL-treated side was 2.5 times greater than on the side where only SAL was performed.
Clinical results are shown in Figures 7 through 11.
Effect of Time
Again, the average amount of skin surface area contraction increased significantly in the regions treated with RFAL plus SAL between the 6-week and 1-year follow-up intervals. In the areas treated with SAL alone, much of the early skin surface area contraction was lost. Adding RFAL to SAL resulted in continuing skin contraction over time, with an average addition of 10.6% over 10.5 months. Every patient exhibited this ongoing improvement in soft tissue contraction in the RFAL treatment region over the 12 months. A mean of 2.1% of the initial skin surface area contraction was lost in the regions treated with SAL alone. Adding RFAL heating to the treatment region induced significant, long-lasting skin surface area contraction. At 6 weeks posttreatment, an additional 15.2% skin surface contraction was noted over the SAL "baseline" in lower abdominal treatment regions. Vectra measurements taken at 1 year showed a much larger difference-28.1% more skin contraction was noted in the RFAL-plus-SAL regions than in the SAL-only areas. While the SAL-treated regions lost some skin contraction with time, the areas treated with RFAL plus SAL continued to show further tightening with little to no residual skin laxity at 1 year ( Figure 6 ; Table 3 ). 
Effect of Treatment Region
Mean values showed that the medial treatment regions had a higher rate of skin contraction than the lateral regions. The more central the location-probably due to the area having more fat-the more surface area reduction was noted. However, the difference was small, and when subjected to a paired t test, statistical significance was not achieved. However, the trend was noted for both treatment modalities. At 6 weeks, there was a mean of 5.4% more skin tightening in the medial RFAL-plus-SAL treatment 
Effect of Amount of Energy Deployed
Although both treatment types showed a wide range of differences in the degree of skin contraction, it would be logical to assume that the increase in the degree of skin surface area reduction in the RFAL-treated areas could be attributed to the addition of heat to the skin and underlying septal network in the subcutaneous fat. Therefore, we evaluated the amount of RF energy used in each patient quadrant. Patient 8 had the least surface area reduction in the RFAL-treated regions, and patient 6 had the most. For the patient with the least response, 22.7 kJ were used, while 22.5 kJ were used for the patient with the greatest response. Kilojoule usage ranged from 14.23 for the patient who weighed the least to 24.9 kJ for the heaviest patient. Statistical analysis of total energy compared with the amount of skin surface area contraction showed no correlation.
Effect of Amount of Fat Aspirated
There was no statistical correlation between the amount of overall lipoaspirate and skin surface area reduction in the tattooed treatment zones. The amount of fat removed from within the tattooed regions was not separately measured. Future studies of this effect may be warranted.
Complications
No patient experienced hematoma, infection, or seroma following treatment. No patient was burned. Two had nodularity persisting after 1 year. No patient underwent a revision of the treatment region, and no patient noted dissatisfaction with the outcome with either treatment protocol.
DISCUSSION
Many devices, including energy-assisted liposuction systems, claim to induce skin tightening, tissue tightening, and skin contraction. [19] [20] [21] [22] Although most of these findings are published in peer-reviewed articles, these claims lack the rigor of scientific analysis through randomized trials employing validated, objective instruments to measure soft tissue contraction. Measurements such as circumferential reduction are prone to a wide degree of interobserver variability and are not well regarded as reliable, reproducible measurements of soft tissue contraction. While histological sections of skin and hypodermis can show cell wall disruption of adipocytes and collagenesis in the treatment region, biopsies cannot measure the degree of skin tightening seen over a broad surface area. Several articles in the plastic surgery literature have demonstrated clinical improvement with apparent skin tightening in localized treatment regions with LAL and RFAL, 23, 24 but only DiBernardo 25 compared the degree of skin contraction when treating the abdomen with LAL plus SAL versus SAL alone. McBean and Katz 20 measured skin surface area reduction with LAL but did not directly compare it with SAL-treated regions as a control. In DiBernardo's study, the surface area of the tattooed squares was measured before treatment and again at 1 month and 3 months posttreatment. The author noted that the skin surface area reduction ratio of LAL to SAL improved over time. This finding of thermally stimulated soft tissue contraction was mirrored in our study. In DiBernardo's study, there was a wide range of skin surface area change, from a 9% to 28% reduction in the 1-month LAL-plus-SAL group and a 6% to 27% reduction in the SAL-alone group. At 3 months, the range of values was 7% to 25% in the LAL-plus-SAL group and 2% to 23% in the SAL-alone group. Both groups appeared to lose some degree of initial skin contraction over time. Average surface area reduction noted by DiBernardo was 22% (LAL/SAL) versus 18% (SAL) at 1 month and 17% (LAL/SAL) versus 13% (SAL) at 3 months.
McBean and Katz
20 measured skin surface area reduction with LAL but did not directly compare it with SALtreated regions as a control. In their study, they calculated a 17% skin surface area reduction with LAL plus SAL compared with a "negligible" degree of skin contraction with SAL alone. 26 Estimates of the degree of long-term, aesthetically acceptable skin surface reduction with SAL alone ranges from negligible to 13%, although experts in superficial liposuction techniques claim a larger percentage (C. Mendieta, personal communication, September 2011). A definitive and widely accepted value of skin surface area contraction with SAL alone remains elusive, as techniques vary greatly among practitioners. Proponents of superficial liposuction speculate that by injuring the superficial FSN in the subdermal space and removing volumetric distention immediately below the dermis, centripetal skin contraction and accommodation of the skin is forced. Paul and Mulholland 27 note that if the balance between FSN contraction and subdermal heating is not maintained, an irregular skin surface can result. This is especially important to remember when treating patients with striae or damaged skin ( Figure 12) .
Tissue recruitment plays a major role in lipocontouring of the abdominal region, and it is an expected consequence of heat-mediated tissue tightening. As the fibroseptal bands draw together, some shifting of the relative positions of subcutaneous tissue and overlying skin occurs. The skin surface accommodates the contraction of the underling subcutaneous tissue. Subcutaneous tissue contraction is not easily measured. We tattooed the skin surface because it is the only means of visible measurement.
There is less controversy about the value of adding heat to the tissue before or after SAL, as many studies validate the effect of heat on skin and adipose tissue. 28, 29 The septal network remaining after tumescent infusion and SAL is depicted in Figure 10 . By performing approximately 50% to 60% of the SAL prior to heating, some of the insulating adipose tissue is removed, and the exposed collagenous tissue of the FSN responds more rapidly and strongly to RFAL heating. However, this is not the current standard practice. With this alteration in protocol, no burns or other complications were noted. The amount of SAL was not extensive. Some SAL was performed prior to heating to reduce the amount of insulation provided by fat. This exposed the fibroseptal bands to heat, creating more visible and measurable tissue tightening. Theoretically, burns might be more likely, but with skin temperature monitoring using the external thermistor, the skin temperature is closely monitored, and burns can be avoided.
Immediately after application of the RFAL device to the septal network and overlying skin, visible contraction of the fibers is evident. In vivo studies on soft tissue contraction showed that RFAL-induced temperatures of 69°C applied to the septofascial network can result in a mean 33% contraction, compared with less impressive contraction when the RF thermal stimulus was applied to the dermis or directly to the fat. 27 The effect of LAL and RFAL on soft tissue contraction is heat mediated; RF is a more efficient and conductive form of thermal stimulation. The distribution of heat during RFAL or LAL is also important. To maintain smooth, multilevel tissue contraction, multiple levels of thermal stimulation, from deep to superficial, should be performed, rather than just the 2 levels of thermal stimulation currently suggested by LAL experts. Following tumescent infusion, SAL is performed to better expose the collagenous FSN to heat. Deep treatment can create a reattachment of the flaccid pannus to the deep fascia ( Figure 9 ). Too much heating or uncontrolled thermal stimulation at the deep fascial level can increase the risk of seroma, so it is important to keep the RFAL cannula moving to deposit modest levels of thermal energy and avoid exceeding the FSN contraction temperatures of 69°C. The operator should then move to sequentially more superficial levels and treat multiple areas of the broad surface. Midlevel RFAL heating is performed at about the level of Scarpa's fascia. The response to heating of fascia is more rapid than that of the FSN, so less heating time is spent at this location. The supraScarpa region is heated, and then the subdermal region is heated. If a significant section of skin surface area reduction is needed, 2 shorter sessions of superficial heating with a maximum external skin temperature of 38°C is safer and will reduce the risk of thermal skin injury.
Protection from risk of thermal injury is an integral part of the BodyTite system's mechanism of action. An internal cannula-electrode with an RF current flowing up to the external electrode provides thermal containment ( Figure  13 ), along with constant monitoring of internal tissue impedance and external epidermal temperature. The synchronous aspiration of the coagulated deep adipose tissue removes very hot, liquefied tissue from the adipose compartment while continuing to heat the FSN. The heat generated by the internal probe is directed superficially toward the external electrode, and the thermal containment between the 2 RF electrodes ensures safety of deeper structures. Little heat is lost to nondirectional dispersion. When working with RFAL at the superficial level, care must be taken to deliver heat gently and evenly. An external skin surface temperature monitor and impedance monitor is built into the external electrode. The device cuts off RF delivery when the preset safe skin temperature is achieved and will begin to apply energy again when the temperature drops below the set point, allowing the surgeon to safely maintain a constant epidermal and deep tissue temperature. During our study, that temperature was set at 38°C to avoid overheating the skin. Other studies have used a skin temperature cutoff of 40 to 42°C. 31, 32 While the focus of this study was skin surface area contraction, the true target of treatment is the lax FSN above and below Scarpa's fascia. Time spent heating the basal dermis is important, but the degree of heat-mediated dermal tightening that is safely achievable with RFAL or LAL is significantly less than the amount of safe subcutaneous fibrous tightening. 33 The degree of skin contraction is directly dependent on the thermal temperature achieved and the duration of that thermal stimulus, which in turn is reflected in the amount of energy used at the site during treatment. Thermal containment of the RF-generated heat is a safety feature of the BodyTite system. This allows focused treatment of a particular area while protecting the deep and lateral tissues from overheating ( Figure 14) . Too little energy will result in too little contraction, and too much energy can create an irregular surface as the underlying septal network contracts more than the skin. This effect is mainly seen in patients with very thin skin or patients with striae. Our findings would appear to support Kenkel's theory that most of the skin contraction seen with heat-mediated devices is due to contraction of the underlying septal network. 34 While the effects of heat-mediated tissue tightening are helpful in patients with mild to moderate soft tissue and skin laxity, the application is somewhat limited. This treatment is not meant to replace skin excision and redraping when those procedures are clinically indicated. The RF device is a powerful tool, and its use should be undertaken only by those who are trained and recognize the possibility of complications, including burns and seroma.
During this study, it became evident that the total amount of energy used may be less important than the location of the heating, thermal end points, and the technique of heating. Multiple levels of adipose tissue heating were performed, from deep to superficial. More energy was used at the superficial than the deep level. This multilayer RFAL heating pattern creates the effect of tightening multiple levels of the FSN, which effectively binds the loose dermal-subcutaneous tissue layer back to the abdominal rectus fascia through the contracted FSN ( Figure 10 ). This heat-mediated contraction of the septal network in the adipose layer is not seen with SAL alone.
Clinical treatment outcomes vary between patients. The 53-year-old woman seen in Figure 8 was advised that she needed an abdominoplasty. She declined, stating that she would only agree to liposuction. Her posttreatment outcome showed a surprising amount of improvement in the pendulousity of her abdomen, both on the left (RFAL-plus-SAL treated) side and the right (SAL-only) side. Tattoos were placed well above the pendulous skin to reduce the risk of confounding variables. Figure 9 (not a study patient) shows the effect of RF assistance in correcting the separation of the skin/fat layer from the underlying fascia. Contraction of the FSN creates a readherence of the tissue to the body framework.
CONCLUSIONS
This prospective, randomized study of a 12-patient cohort was performed to determine the amount of additional skin and soft tissue tightening achieved by adding RFAL to traditional liposuction. The longevity of skin surface area contraction was also evaluated over 1 year. Independent statistical analysis showed a significant difference between RF heating of the tissues plus SAL compared with SAL alone. The regions treated with RFAL plus SAL showed a mean skin surface area reduction of 28.5% versus 10.3% with SAL alone at 6 weeks posttreatment. At 1 year, RFALplus-SAL regions showed a 34.5% surface area reduction, as opposed to an 8.3% contraction in the SAL-only regions. RFAL plus SAL also yielded a significant increase in surface area reduction over time. The SAL regions lost approximately 2% of the original surface area reduction at 1 year.
Heating of the FSN appears to account for the majority of RFAL-induced contraction noted with heating of subcutaneous and dermal tissues when used as an adjunct to SAL (Figure 15 ). The application of multiple levels of heat can also reattach a loose pannus to the abdominal fascial wall, thereby improving the pendulous character of the tissue. While traditional liposuction removes distended fat and mechanically stimulates the FSN, the addition of heat can create significantly more skin contraction.
